INTRODUCTION
Recently, the surface magnetic field measurement (SMFM) technique for the detection and sizing of surface breaking cracks in ferromagnetic metals was introduced [1] [2] [3] [4] [5] . In this technique a rectangular coil or a set of U-shaped wires excited by a high frequency ac current produces the eddy current in the area under inspection. The location, depth and width of a crack in the test area are obtained by interpreting the measurements on a tangential component of the magnetic field at the metal surface using a mathematical modeling. The mathematical modeling assumes that in the absence of crack, the magnetic field at the metal surface has magnitude and phase distributions equivalent to those produced at the surface of a perfect conductor. This assumption allows the eddy current incident at a crack to be simply calculated using the negative image technique. The technique is well-known and involves replacing the metal by the negative image of the inducer and finding the resultant field from the inducer and its image [6] . The reason for the applicability of the negative image technique to perfect conductors lies in the fact that an ac current produces an infinitely thin skin current in the metal and as a result no normal field component can exist at the surface of the conductor. For practical non-ferromagnetic conductors, the negative image technique is valid for all frequencies for which the current skin depth is small (a fraction of a millimeter), leading to a negligible normal component at the metal surface. For ferrous metals, in spite of small current skin depth at low frequencies (e.g., skin depth in mild steel is about 0.2 mm at 1.6 kHz), the accuracy of the negative image technique can become questionable. The cause of the ambiguity is the large permeability of ferrous metals. A large permeability tends to reduce the skin depth at low frequencies and gives rise to a significant normal field component at the surface of a ferrous metal. In fact, when the frequency is close to the dc limit, the magnetic field does not have a tangential field component at the surface of a ferrous metal. This field can be described by the superposition ofthe fields from the inducer and its positive image. This paper examines the accuracy of the negative image approximation in SMFM applications involving ferrous metals. For this purpose, an analysis of the problem based on a full solution has been carried out. The solution takes into account the effects of the operating frequency and the metal parameters (conductivity and permeability). For the sake of simplicity, the inducer is assumed to be a long straight wire of negligible cross-section positioned horizontally above a semi-infinite metal, Fig. 1 . The solution of such a simplified problem is believed to be sufficient for demonstrating the accuracy of the negative image technique. To support this, experimental data for both straight wire and U-shaped wire inducers are presented.
SURFACE FIELD FROM A LONG-WIRE INDUCER
In connection with the eddy current losses in transformers, the problem of a currentcarrying straight long wire above a semi-infinite metal, Fig. 1 , has been formulated by Stoll in terms of the magnetic vector potential [7] . In a similar problem with an application to a pulsed eddy-current technique, Ludwig and Dai [8] have employed the magnetic vector potential approach to obtain the incident field. In this work, the problem has been formulated directly in terms of the magnetic field using the Fourier transform technique. This technique allows the boundary conditions at the metal surface and at the interface between the two air regions where the wire lies, to be satisfied in the Fourier domain. Such treatment of the boundary conditions is useful, since the solution can be readily extended to multi-wire problems and to problems where the magnetic field is from a sheet of current. Details of the formulation can be found in [5] .
Using the full solution developed, the distributions of the magnetic fields induced by a wire at the surfaces of aluminium (cr = 4 x 10 7 Slm, Ilr = 1) and mild steel (cr = 1 x 10 7 Sim and Ilr = 100) were computed for the two asymptotic cases of extremely high frequency (100 MHz) and extremely low frequency (1 Hz). The wire was located at h = 16 mm. The results in Fig. 2 are associated with the high frequency, showing the normalized magnitudes of ~ and Hz along the x-axis at the metal plane (z = 0) when the metal is present and removed. The normalization factor is the value of I Hx I in the absence of the metal. The differences between the phases of the two components of Hx and the two components of Hz, corresponding to the cases of the metal present and removed are also shown Fig. 2 . From the results in Fig. 2 , it is evident that at a sufficiently high frequency where the skin depth is small, for both ferrous and nonferrous metals, the normal component of the magnetic field vanishes at the metal surface while the tangential component doubles in value compared to the case where there is no metal. The phase differences remain the same everywhere at the metal surface. In other words, the high frequency asymptotic distribution can be found using the negative image approximation. Results for the low frequency limit, similar to those for the high frequency , are shown in Fig. 3 . An examination of these results reveals that at frequencies close to dc where the skin depth is large, aluminium does not effectively perturb the magnitude of the surface field produced by the wire while mild steel alters the magnitude and the phase of the field in a manner which can be described by the positive image approximation. In fact, in the case of mild steel, the tangential field component at the metal surface tends to vanish whereas the normal component doubles up its magnitude without any variation in its phase as compared to the case where no metal is present. Cross-section of a semi-infinite metal with a long-wire inducer above it. The full solution was then used to examine the case where the operating frequency f = 1.6 kHz, the metal was mild steel (HI British Standard with CJ = 6.3 x 10 6 Slm and ~r = 150) and the wire was at h = 18 mm. This case is particularly of interest to us because (a) the SMFM system developed in our laboratory operates at the mentioned frequency and (b) at 1.6 kHz, the skin depth in the metal concerned is practically small (0.2 mm). Results ofthe theoretical work together with the measurement results are shown in Fig. 4 . In these results the magnitude of Hx is normalized to the magnitude of Hx at x = 0 in the absence of the metal. The normalization factor for Hz is the maximum value of Hz when no metal is present.
In the measurements a long wire was used, excited by 0.5 A ac current source of 1.6 kHz frequency. The measurements were performed using a very small coil connected to a phase sensitive detector and carried out at 2 mm intervals along the x-axis. Measurements at the metal surface were contained to within the middle of the block in order to avoid errors contributing from the edges of the block. The coil was placed in a non-magnetic nonconducting holder attached through a bracket to a computer controled x-y table. To keep the lift-off level constant and to reduce the mechanical noise during scanning, the bracket was spring loaded touching the metal surface (or a wooden surface when measuring in the absence of the metal) through a semi-spherical support. Depending on the field component to be measured, the coil was orientated in the holder with its axis in the x or z direction.
From the results in Fig. 4 , it can be initially concluded that the theory and measurements are in good agreement. Further observations are as follows. The magnitude of the tangential component of the field at the surface of the mild steel block within an area (i.e., I x I < 5 mm, I y I < 00) below the wire has a distribution similar to that when the metal is not present and in fact, these distributions can be assumed to differ by a constant factor. Within that area, the Theoretical and experimental distributions of the magnetic field at the surface of a mild steel block and at the same surface when the metal is removed for a long-wire inducer at f= 1.6 kHz. magnitude of the normal component is at most 1.5 times that when the metal is removed and the phase differences for both components are fairly constant.
From the above observations, it can be inferred that since the normal component is not zero at the metal surface, the negative image approximation cannot be used. But considering the fact that the normal field component in a ferrous metal is reduced by a large factor ()l{ which in the case of mild steel is between 50 to 200) from its value at the metal surface, It is easy to deduce that the eddy current produced in a ferrous metal is strongly related to the tangential field at the metal surface. Therefore, provided that the skin depth is small, the negative image approximation can be used to obtain the tangential field distribution within an area below the wire to within a constant factor. This factor is not important in practice, since relative values are used to detect and size cracks with the SMFM technique. The size ofthe area within which the negative image method holds, depends on the shape, dimensions and the lift -off distance of the inducer.
SURFACE FIELD FROM A U-SHAPED INDUCER
In the SMFM technique the eddy current is normally induced in the metal by means of an inducer consisting of a set of U-shaped wires or a rectangular coil. Therefore, it is interesting to examine the extents below a typical inducer where the tangential field component Hx at the surface of a ferrous metal remains in agreement with the negative image approximation. Such an investigation is important, as it gives the limit on the length of a crack whose SMFM signal can be reliably inverted by the modeling developed in [4] .
The examination was carried out using an inducer consisting of a pair of wires, placed at a distance h = 37 mm above the surface of a large mild steel block, Fig. 5 . The physical dimensions ofthe inducer are a = 25 mm, b = 5 mm and I = 120 mm. The operating frequency is 1.6 kHz, producing a thin skin current in the metal.
The magnetic field in air due to the inducer in the absence of the metal was derived by a standard technique. The expression for this field is given in [5] . Using the negative image approximation, the tangential field at the surface of the steel block when the skin depth is extremely small is twice that in air at the position of the metal surface. The expression for this field was obtained, from which Hx can be computed. Along lines y = 0, 10 mm, 20 mm and 70 mm, the magnitudes of Hx were computed and the normalized results are shown in Fig. 6 together with the normalized experimental results. The normalization factor is the value of I Hx I at the origin (x = 0, y = 0). The experimental results were performed, as explained earlier in the above section, using a small horizontal coil. From Fig. 6 , it can be inferred that To Current Source y Fig. 5 .
Schematic diagram of a U-shape inducer standing above the metal surface. the negative image approximation is adequate to obtain Hx over a rather large area (I x 1 < 40 mm and 1 y 1 < 70 mm) under the inducer. Within this area the variation of the phase difference (see Fig. 4 for this quantity associated with the single wire inducer) is small.
CONCLUSIONS
The suitability of the negative image technique for the determination of the field at the surface of a ferrous metal induced by a long wire and by U-shaped wires carrying a high frequency current was investigated. It was found that at very high frequencies where the skin depth is extremely small, the normal component of the magnetic field vanishes at the metal surface and as a consequence, the negative image technique can be applied to find the field distribution at the surface of a ferrous metal. At frequencies where the skin depth can be regarded as practically small in a ferrous metal, the surface field does have an appreciable normal component, but this component does not contribute effectively to the current produced in the metal because of its high permeability. At these frequencies, the negative image method can still be used to within an acceptable approximation in order to obtain the tangential magnetic field at the surface of a ferrous metal within an area below the inducer. Within this area the actual component of the tangential field differs in magnitude by a constant factor from that given by the negative image method and its phase variation is small.
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